Background: Porcine epidemic diarrhea virus (PEDV) is a highly effective pathogen that can cause death of newborn piglet, resulting in big economical loss in pig farming industry. For rapid detection of PEDV, a new immunochromatographic assay (ICA) based on monoclonal antibodies (mAbs) was developed in this study. Results: The mAbs were prepared by using PEDV positive hybridoma cells that were selected by using cell surface fluorescence immunosorbent assay (CSFIA). Fourteen mAbs against PEDV strain isolated from south of China were prepared. The optimal mAb 4A11 was coated on NC membrane as the capturing reagent and the mAb A11H7 was coupled to gold nanoparticles (AuNPs) as detection reagent for the new ICA. The new ICA was used to measure PEDV in phosphate buffer containing tween-20. Results indicated that the limit of detection (LOD) of the new ICA was 0.47 μg/mL (5.9 × 10 3 TCID 50 /mL) and the liner detection range of the ICA was 0.625-10 μg/mL (7.8 × 10
Background
Porcine epidemic diarrhea virus (PEDV), which belongs to the genus Alphacoronavirus and the family Coronaviridae, is an enveloped single-stranded positive-sense RNA virus [1, 2] . PEDV is a highly effective pathogen responsible for causing porcine epidemic diarrhea (PED), a disease characterized by severe and acute watery diarrhea, dehydration and vomiting that results in high mortality rate of one-week-old piglets [3, 4] . Since the first appearance in England in the early 1970s, outbreaks of PED have been reported in several European and Asian countries [5, 6] . PED was first reported in China in 1973, followed by a large-scale outbreak of PED in December 2010 that led to heavy economic loss [7, 8] . Therefore, it is of great importance to properly and routinely monitor PEDV.
Unfortunately, due to the fact that PEDV and a different Alphacoronavirus, transmissible gastroenteritis virus (TGEV), have the same epidemiological and clinical features. These two viruses have led to complications in clinical diagnosis. Therefore, it is of great importance to develop differential laboratory tests [9, 10] . To date, several methods including RT-PCR [11] , separation identification [12] , serological method [13] , enzyme-linked immunosorbent assay (ELISA) [14] and colloidal gold method [15] [16] [17] have been used to detect the PEDV antigen. Although RT-PCR serves as a good standard due to its high sensitivity and accuracy, this method relies heavily on sophisticated equipment and expensive apparatus. Several other common methods are also not suitable for on-site diagnosis due to the following reasons. Separation identification means to isolate PEDV in Vero cell cultures from the small intestine of a PEDV infected piglet. It is a classical method for PEDV detection, but it is time-consuming for it needs at least one week. The serological method can only detect PEDV antibody. However, whether the PEDV antibody is from vaccine infection or wild infection is still unknown. ELISA is a cheap and simple approach for PEDV detection, however, it involves long incubation period, multiple washing steps, and the assistance of a microplate reader. In contrast, recently developed immunochromatographic assay (ICA) is much more applicable for on-site diagnosis of PEDV for it is simple, sensitive, specific and can be operated without training. Therefore, this method could be useful for monitoring the infection of PED [18] [19] [20] .
Currently, the most widely used commercial PEDV test strip in China (BIONOTE test strip), which is made by utilizing ICA, is based on the PEDV-DR13 strain. The strain was harvested from a suspension of minced small intestine from infected neonatal pigs in south of Korea [21] . Considering regional differences in strains, it might not be the best choice for PEDV detection in south of China. A PEDV strain CHYJ130330 was isolated from the fecal specimen of a 3-day-old dead piglet in March 2013 on a commercial swine farm in Guangdong Province in the south of China [22] . In this study, we prepared monoclonal antibodies (mAbs) using cell surface fluorescence immunosorbent assay (CSFIA) [10] , a simple and rapid method for selecting positive hybridoma cells. Fourteen mAbs against this PEDV strain were prepared. Relying on signals emitted from gold nanoparticles labeled mAb (AuNPs-mAb), a new ICA was developed for sensitive, specific and on-site detection of PEDV in swine stool in China. A comparison between RT-PCR, BIONOTE test strip and the ICA was performed to confirm the applicability of the newly developed ICA for on-site PEDV detection.
Methods

Materials and reagents
Vero cell, porcine epidemic diarrhea virus (PEDV) strain named CHYJ130330, pseudorabies virus (PRV), classical swine fever virus (CSFV), transmissible gastroenteritis virus (TGEV) and swine stool were obtained from Guangdong Haid Institute of Animal Husbandry & Veterinary (Guangdong, China). Porcine reproductive and respiratory syndrome virus (PRRSV) and porcine circovirus-2 (PCV-2) were obtained from Winsun Bio (Guangdong, China). Balb/c mice were purchased from Southern Medical University. Myeloma cells (SP2/0) were purchased from Shanghai Cell Biology (Shanghai, China). GibicoRPMI-1640 was purchased from Asegene (Guangzhou, China). Ninety-six-well polystyrene plates were purchased from JET BIOFIL (Guangzhou, China). Goat anti-mouse IgG H&L (HRP) was purchased from Abcam (Cambridge, MA). MAb subtype classification kit was purchased from sigma (USA). The HRP-labeling kit was purchased from GalaxyBio (Beijing, China). BCA kit was purchased from Thermo (USA). Nitrocellulose (NC) membrane (HF18002S25), conjugate pad, sample pad, plastic backing and absorbent pad were purchased from Millipore (Shanghai, China). PEDV Ag test kit was obtained from BIONOTE (Korea). Ultrapure water produced by a Milli-Q Ultra Pure System (Millipore, USA) was used throughout this study. All chemicals used were of analytical grade or higher.
Apparatus
Absorbance of the HRP-based ELISA was measured using a Synergy H1 Hybrid Multi-Mode microplate reader (Bio--Tek Instruments, Inc., Winooski, VT). The following equipments were also utilized in this study: centrifuge 5810 R (Eppendort, Germany), XW-80 Avortex Mixers (Shanghai, China), magnetic stirrer (Beike, Beijing), dynabeads MX mixer (Invitrogen, America), programmable strip cutter HGS201 (AUTOKUN, China), XYZ3060 platform (Bio-Dot Scientific Equipment, China), and electrothermal forced air convection drying oven (TAISITE Instrument, China).
Preparation of PEDV
PEDV was inoculated onto a Vero cell monolayer for 45 min at 37°C. Cell infection at a MOI of 0.005. Then maintenance medium was added and cultured for 2 or 3 days. When the cytopathic changes reached above 85%, the cells were collected and repeatedly frozen and thawed for 3 times. After ultrasonic cracking and centrifugation at 10000 rpm for 1 h, the supernatant was further centrifuged at 45000 rpm for 3 h and the precipitate was resuspended in PBS (0.01 M, pH 7.4). The crude extraction virus was successively added into 30%~60% sucrose-PBS and centrifuged at 33000 rpm for 3 h. Then it was resuspended in PBS and centrifuged at 40000 rpm for 3 h to remove sucrose content. The purified virus was resuspended in PBS. The uninoculated Vero cells were subjected to the same treatment and used as negative control. The pre-purification protein concentration was measured by Nanodrop2000 micro nucleic acid tester. Virus titer was expressed as TCID 50 , 10 6 TCID 50 /mL.
Preparation and purification of monoclonal antibody against PEDV Viral protein concentration was measured using BCA, 80 μg/mL. 1.25 mL of the purified PEDV antigen and an equal volume of Freund's complete adjuvant, was injected into each mouse (6 weeks, female, Balb/c) for the first immunization. Mice were immunized every 2 weeks. Tail blood was taken on the tenth day after the third immunization. Mice with high titer were selected for fusion 3 days after they were boosted with immune antigen PEDV. To prepare the hybridomas, the mice were euthanized by cervical dislocation. All the mice were sent to Huaqiao Hospital for centralized treatment after the study. CSFIA, a simple and rapid method for selecting positive hybridoma cells, was used to screen for positive hybridoma cell clones. In this study, PEDV antigens were first anchored to the hybridoma cell surface through a dual functioning molecular Oleyl-PEG4000-NHS. Specific antibodies secreted from hybridoma cells were then captured by the antigens on the cell surface. Positive hybridoma cells were stained using a fluorescently labeled anti-mouse IgG-Fc antibody ( Fig. 1) . After the addition of a methylcellulose semisolid medium, positive clones were picked using a pipet. These positive cell clones were used to produce monoclonal antibodies after direct expansion [10] . MAbs were prepared by inducing ascites in mice. They were then purified by ammonium sulphate, desalt column, and protein G affinity chromatography column. MAbs were preserved at − 20°C after freeze-drying. Titer of mAbs was determined by indirect ELISA with PEDV as coating antigen and HRP-goat anti-mouse IgG as secondary antibody. The sensitivity of mAbs was determined by indirect competition ELISA with PEDV as coating antigen and PEDV specific HRP-monoclonal antibody as the competitors. The mAb classification kit was used to identify the category and subclass of immunoglubulin. The mAb pair for PEDV detection was selected by double antibody sandwich ELISA matrix To prepare AuNPs, trisodium citrate dehydrate was used to reduce gold chloride (HAuCl 4 ). In brief, 50 mL ultrapure water was added to a clean triangle flask and heated and stirred on a magnetic stirrer until boil. Then, 1 mL of 1% HAuCl 4 was quickly added to the triangle flask and 1.2 mL trisodium citrate dihydrate (10 mg/mL) was added after a few seconds. The solution was heated for 10 min, and then moved to an unheated plate for continued stirring. The prepared AuNPs were then diluted with ultrapure water to 50 mL.
AuNPs-mAb was prepared by labeling mAb to AuNPs. First, 1 mL of AuNPs (0.02 mg/mL) was added to a clean centrifuge tube, and 16 μL of 0.25 M K 2 CO 3 were added; the solution was mixed on an Avortex Mixers. Then, 2 μL mAb was quickly added to the centrifuge tube with mixing. The mixture was rotated for 15 min and then kept still for 15 min at room temperature. Subsequently, 100 μL of 10% BSA were added to cover the unconjugated site. The mixture was rotated for another 15 min and then kept still for 15 min at room temperature. Finally, the mixture was centrifuged at 11000 rcf for 15 min and the precipitate was resuspended in 60 μL PBS (0.015 M, pH 7.4, containing 20% (w/v) sucrose, 20% (w/v) trehalose, 0.1% (w/v) PVP K40, 0.1% (w/v) S-9, 1% (w/v) BSA, and 0.5% (w/v) Tween-20).
Assembly of the new ICA
This new ICA was sandwich type, in which two monoclonal antibodies were used separately as capture and detecting reagents to detect PEDV (Fig. 2) . Gray value corresponding to signal from the red T-line was obtained using image J [23] [24] [25] . The assembly of the new ICA was as follows: The new ICA was made of PVC plate, NC membrane, sample pad, conjugate pad and absorbent pad. PBS (0.015 M, pH 7.4) diluted mAb (0.875 mg/mL) and goat anti-mouse IgG (1 mg/mL) were dispensed on specific areas of NC membrane called the test line (T-line) and calibration line (C-line) using an automatic dispenser at a volume of 1 μL/cm. The NC membrane was dried at 37°C and saved for later use. The AuNPs-mAb was loaded onto the conjugate pad using an automatic dispense system set to 5.0 μL/cm and then dried at 37°C. The pretreatment of sample pad involved soaking in PBS (0.015 M, pH 7.4, containing 2.5% (w/v) sucrose, 2% (w/v) BSA, and 1% (w/v) Tween-20) and Fig. 2 The simple schematic diagram of the new ICA. a. The stereoscopic structure of the new ICA; b. Negative reaction. When negative spiked samples were added to the sample pad, no red line on the T-line was observed; c. Positive reaction. When positive spiked samples were applied to the sample pad, a red line was visible on the T-line drying at room temperature and then at 37°C. The PVC plate acted as the holder of the new ICA, onto which sample pad, conjugate pad, NC membrane and absorbent pad were pasted with an overlap of 2 mm between each part. After the assembly was completed, the new ICA was cut into 3.8-mm-wide and 60-mm-long strips using a programmable HGS201 strip cutter and kept in a suitable plastic cassette for further use. A fully assembled new ICA is shown in Fig. 2a .
Optimization of the new ICA
To optimize the quality of the new ICA, some important single factors were optimized. They were capture and detection mAb, the size of gold nanoparticles, the type of sample pad, the type of conjugate pad, the type of Nitrocellulose membrane, the type of absorbent pad, the amount of tween-20 addition and the spray volume of AuNPs-mAb. The optimization methods are shown in the supplemental materials. 
Specificity of the new ICA
To verify the specificity of the new ICA, PEDV, PRV, PCV-2, PRRSV, CSFV, and TGEV at the same concentrations were prepared and tested following similar procedures.
Stability of the new ICA
The stability of the new ICA was tested by comparing results from the experiments performed now to those from experiments performed a month later using the same ICAs.
Detection of PEDV in spiked samples
For the detection of PEDV in spiked samples, negative samples with different PEDV concentrations were prepared. First, 800 μL PB (0.2 M, pH 7.4, containing 1% (w/v) Tween-20) was added to a 1.5 mL centrifuge tube. Then, 200 μL negative swine stool A7 was added to the solution and mixed for 5 min. After centrifugation at 11000 rcf for 15 min, the solution was kept still for 15 min. The supernatant was collected and the precipitate was discarded. PEDV was incorporated into the sample at 0.1, 1, 5, 10 and 20 μg/mL. Finally, 80 μL of the spiked solutions were added to the sample holes of the new ICAs respectively. Photos were taken to record the results after 15 min of reaction.
Detection of PEDV in swine stool samples
For detection of PEDV in swine stool samples, 50 μL of swine stool samples and 50 μL of PB (0.2 M, pH 7.4, containing 1% (w/v) Tween-20) were mixed and incubated for 5 min. After centrifugation at 11000 rcf for 15 min, the solution was kept still for 15 min. The supernatant was collected and the precipitate was discarded. The swine stool samples were analyzed using RT-PCR, BIO-NOTE test strips and the new ICA, respectively.
Results
Preparation and characterization of antibody to PEDV Cell lesion was above 85% after PEDV was inoculated onto Vero cell monolayer for 36 h. After repeated freezing and thawing, cracking and sucrose-PBS gradient centrifugation, the virus bands between the 40 and 60% interface were collected. After identification, protein concentration was determined to be 4 mg/mL. The prepared PEDV was used to immunize mice to generate mAbs against PEDV [24] . From the hybridoma cells generated against PEDV, 14 clones that could produce mAbs with strong PEDV binding ability were selected. Immunoglobulin isotyping suggested these clones were IgG2a. To select PEDV mAb pairs with high sensitivity and specificity, a double antibody sandwich ELISA was used. The amount of capture antibody for coating and detecting antibody in both experimental and control group was 10 μg/ml. 1 μg/ml PEDV was added to each well of experimental group while an equal volume of PBS was added to the control group. Only the mAb pairs which have strong signal (OD ≥ 1.0) in PEDV group and no obvious signal (OD ≤ 0.2) in PBS group were marked as positive. All the mAb pairs which have no strong signal in PEDV group or have obvious signal in PBS group were marked as negative. As shown in Tables 1, 5 of the 14 mAbs were successfully paired using double antibody sandwich ELISA matrix method. These successfully paired mAbs (4A11, 5H9, 5A9, A11H7 and 4H7) were used in the new ICA for their outstanding binding ability.
Parameter optimization of the new ICA
First, the new ICA was optimized by selecting the best pair from the 5 selected mAbs. The optimization results showed that 4A11 was the best capturing mAb and A11H7 was the best detection mAb (see Additiona file 1: Figure S1 . in the supporting information, number 10 represent 4A11 as capturing mAb and A11H7 as detection mAb).
In addition, since gold nanoparticles of suitable size is essential to a successful ICA, an assay was performed to optimize the size of gold nanoparticles. In brief, 16 nm, 24 nm, 30 nm and 40 nm AuNPs were used to label mAb A11H7. With increasing size of gold nanoparticles, the red signal of the T-line also increased, while the red signal of the C-line remained the same (see Additional file 2: Figure S2 . in the supporting information). In addition, the reaction was not blocked at any time during the process despite the increasing size of the gold nanoparticles. We found that AuNPs of 40 nm was associated with the strongest red signal at the T-line with to no impairment to the reaction process. Therefore, 40 nm was chosen as the optimized size for AuNPs for subsequent experiments (see Additional file 2: Figure S2 . in the supporting information).
Interestingly, the type of sample pad, conjugate pad, NC membrane and absorbent pad also appeared to have great impact on reaction rate of the new ICA. To optimize these factors of the ICA, different types of sample pad, conjugate pad, NC membrane and absorbent pad were tested in the optimization experiment. As shown in Additional file 3: Figure S3 . in the supporting materials, the new ICA with GL-B04 as sample pad showed the most uniform red C line without any break. Therefore, GL-B04 was chosen as the optimized sample pad. It can be seen from Additional file 4: Figure S4 . in the supporting materials, the new ICA with polyester film as conjugate pad showed the most uniform red C line without any break. Thus, polyester film was selected as the optimized conjugate pad. What can be learned from Additional file 5: Figure S5 . was that the new ICA with MILLIPORE 135 as NC membrane showed the most uniform red C line without any break. Therefore, MILLIPORE 135 was chosen as the optimized NC membrane. As for the optimization of absorbent pad, the new ICA with H2 as absorbent pad (see Additional file 6: Figure S6 . in the supporting materials) showed strong color signal at the T-line. Therefore, H2 was chosen as the optimal absorbent pad for the new ICA.
As tween-20 can remove unbound AuNPs-mAb on the T-line and reduce nonspecific binding. Furthermore, the spray volume of AuNPs-mAb was also important to the new ICA. As shown in Additional file 8: Figure S8 . in supporting information, no red line at the T-line of the negative sample ICA was observed until the spray volume of AuNPs-mAb was at 6 μL/cm and the red color on the T-line of the negative sample ICA was more intense with increasing spray volume. However, the red line at the T-line of positive sample test strip remained almost the same. Taking nonspecific adsorption and sensitivity into consideration, 5 μL/cm was chosen as the optimal spray volume for subsequent experiments.
Performance of the new ICA for PEDV detection in PBT Sensitivity of the new ICA
The new ICA was designed for efficient detection of PEDV. The performance of the new ICA for detecting PEDV at various concentrations was tested using a serial dilution of PEDV in PBT (0, 0.625, 1.25, 2.5, 5 and 10 μg/mL) under the optimized condition (Fig. 3a) . The limit of detection (LOD) was found to be 0.47 μg/mL (5.9 × 10 3 TCID 50 /mL). To quantitatively analyze the performance of the new ICA, gray values obtained from Image J were used to draw a standard curve in origin 7.0 (Fig. 3b) . The liner detection Table 1 The selection results of paired antibodies in double antibody sandwich ELISA   Capture antibody   A11H7 5H12 4D5 4A11 5E2 2C11 2H2 4H7 3G10 5H9 5A9 3G9 3C11F5 3C11F9   Detection antibody HRP-A11H7  ---++  ---------- 
range was 0.625 μg/mL to 10 μg/mL (7.8 × 10 3 to 10 5 TCID 50 /mL) and the coefficient (R 2 ) was 0.991. The exact value of PEDV concentration could be read directly by comparing results and the photos corresponding to the standard curve. These results indicated that this new ICA could determine PEDV in a precise and quantitative manner.
Specificity of the new ICA
To confirm the specificity of the new ICA, 5 kinds of swine viruses were tested and PEDV was used as positive control. These swine viruses were assayed by the new ICA at the same concentrations as PEDV. The red line at the T-line was obvious in PEDV sample, while it was invisible in samples containing other swine viruses (Fig. 4a) . These results indicated high specificity of the new ICA. Results were further analyzed using gradation histogram made by origin 7.0 based on gray values obtained from Image J. No significant cross-reaction of other swine viruses was observed in the developed new ICA (Fig. 4b) , which further confirmed its high specificity.
Stability of the new ICA
To verify the stability of the new ICA, experiments were carried out at different time points using the same ICA and PEDV. In both experiments, the positive sample solution showed a red line at T-line while the negative sample solution did not (see Additional file 9: Figure S9 . in the supporting information). These results indicated that the new ICA was stable over time.
Detection of PEDV in spiked samples
Negative swine stool was mixed with PEDV to prepare the spiked samples in this study. Spiked samples that included 0.1, 1, 5, 10, or 20 μl PEDV were tested. The red color at the T-line became more intense with increasing PEDV concentration. Each spiked sample was analyzed in six repeated experiments and the gray values were calculated using the standard equation corresponding to the standard curve. As shown in Table 2 , the recoveries of the new ICA ranged from 90 to 110.27% with the highest relative standard deviation (RSD) calculated to be 12.63%. The result indicated that the new ICA was ideal for detection of PEDV in spiked samples.
Detection of PEDV in swine stool samples
To analyze the performance of the new ICA in detecting PEDV in swine stool samples, 29 swine stool samples were collected from different swine farms from south of China. RT-PCR, commercial BIONOTE test strip and the new ICA were used to test these swine stool samples, respectively. As shown in Table 3 , the total coincidence of BIO-NOTE test strip to RT-PCR was 62.69% while that to the new ICA was 74.07%, indicating that the new ICA was more accurate than BIONOTE test strip.
Discussions
In the present study, an immunochromatographic assay for PEDV detection was developed and tested with spiked samples and swim stool samples from field infected pigs. The assay was based on mAbs to CHYJ130330, which is a new strain of PEDV found in south of China and therefore is an appropriate target antigen for PEDV detection.
First, to prepare PEDV specific monoclonal antibody, immune antigen PEDV was cultured and purified in the normal way to ensure the quality of immune effect. T he well prepared 14 PEDV mAbs were used to do a double antibody sandwich ELISA matrix, in which these 14 mAbs were used as capture antibody and the same 14 mAbs labeled with HRP were used as detection antibody. The aim was to find which mAb as capture antibody and which HRP-mAb as detection antibody can produce the best detection result. That means, which mAb pair had the best binding ability to PEDV. Results showed that 4A11, 5H9, 5A9, A11H7 and 4H7 were these mAbs that can pair successfully. Second, due to the fact that the paired antibodies selected by double antibody sandwich ELISA matrix may not be suitable for the new ICA due to the differences in materials and environment, the new ICA was optimized by selecting the best pair from the 5 selected mAbs. 4A11 was proved to be the best capturing mAb while A11H7 was the best detection mAb. This optimization experiment greatly improved the sensitivity of the new ICA.
Third, gold nanoparticles were important for a successful ICA. If they were too big, they would block NC membrane and weaken red signal of T and C line. On the other hand, if too small, the red signal of T and C line was weak and it was not easy to observe it. Considering both, the AuNPs of 40 nm were found to be the optimal AuNPs in this study. The spray volume of AuNPs-mAb was also optimized. If the spray volume was too high, it was easy to produce nonspecific adsorption. However, if it was too low, the result would have low sensitivity. 5 μL/cm was selected considering both sides.
Forth, different types of sample pad, conjugate pad, NC membrane and absorbent pad had different influences on running speed, releasing amount and nonspecific absorption. So they were optimized. Results showed that the optimized condition was GL-B04 as sample pad, polyester film as conjugate pad, MILLIPORE 135 as NC membrane and H2 as absorbent pad.
Fifth, tween-20 in sample solution acted as surface active agent, which can accelerate running speed. A high running speed may be not good because it can reduce sensitivity. Therefore, the tween-20 concentration was optimized and results showed that 10 μL of tween-20 added to 1 mL of sample solution was the best choice.
Specific experiment showed that there was no cross reaction between this ICA and other swine viruses, indicating that this ICA can distinguish PEDV from other swine viruses. When detecting PEDV in PBT, the LOD was 0.47 μg/mL (5.9 × 10 3 TCID 50 /mL) and the liner detection range was 0.625-10 μg/mL (7.8 × 10 3 -10 5 TCID 50 /mL). The PEDV concentration in cultured PEDV was pretty high. Therefore, it can be used to detect cultured PEDV. The data obtained by the new ICA were compared with those obtained by both RT-PCR and commercial strip. It has been described that RT-PCR is the most sensitive and trustworthy method for PEDV detection. In this study, the commercial strip was included for comparison purpose. The data analyzed in the present work showed that the total coincidence of BIONOTE test strip to RT-PCR was 62.3% while that to the new ICA was 74.07%, indicating that the new ICA was more comparable to RT-PCR than commercial test strip. These results suggested that the new ICA was suitable for monitoring PEDV.
The new ICS shows pretty good detection ability of detecting PEDV in swine stools, which will help pig farms in diagnosis of PEDV. Based on the success of making this new ICS, double pathogen detection is going to be done. It can satisfy the need of pig farm. In addition, PEDV fluorescent test strips will be done for precise quantitative detection. We believe that these new ICAs will bring great help to agriculture. 
